Several Chlamydiales families are associated with epitheliocystis, a common condition of the fish gill epithelium. These families share common ancestors with the Chlamydiaceae and environmental Chlamydiae. Due to the lack of culture systems, little is known about the biology of these chlamydial fish pathogens. We investigated epitheliocystis in cultured Orangespotted grouper (Epinephelus coioides) from North Queensland, Australia. Basophilic inclusions were present in the gills of 22/31 fish and the presence of the chlamydial pathogen in the cysts was confirmed by in situ hybridization. Giant grouper (Epinephelus lanceolatus) cultured in the same systems were epitheliocystis free. 16S rRNA gene sequencing revealed a novel member of the Candidatus Parilichlamydiaceae: Ca. Similichlamydia epinephelii. Using metagenomic approaches, we obtained an estimated 68% of the chlamydial genome, revealing that this novel chlamydial pathogen shares a number of key pathogenic hallmarks with the Chlamydiaceae, including an intact Type III Secretion system and several chlamydial virulence factors. This provides additional evidence that these pathogenic mechanisms were acquired early in the evolution of this unique bacterial phylum. The identification and genomic characterization of Ca. S. epinephelii provides new opportunities to study the biology of distantlyrelated chlamydial pathogens while shining a new light on the evolution of pathogenicity of the Chlamydiaceae.
Introduction
The Chlamydiae are a phylum of obligate intracellular bacteria ubiquitous in the environment and associated with disease in a wide array of hosts. While our knowledge of the Chlamydiaceae family of human and veterinary pathogens is well established, the phylum has expanded drastically over the last twenty years (Taylor-Brown et al., 2015) . These more recently described families are collectively referred to as 'Chlamydia-related bacterias' (CRBs) or environmental Chlamydiae; the latter referring to the fact a large number of these species have been detected in or isolated from environmental sources such as water (Thomas et al., 2006; Lienard et al., 2011) , free-living amoebae (Amann et al., 1997; Everett et al., 1999; Fritsche et al., 2000) and insects (Kostanjsek et al., 2004; Everett et al., 2005) . Metagenomic studies suggest that chlamydial sequences deposited in public databases are actually predominantly recovered from aquatic environments (Lagkouvardos et al., 2014) . These novel species are deeply rooted within the chlamydial phylogenetic tree, representing a wealth of untapped diversity and biological significance.
Although there is an increasing body of evidence, the pathogenic potential of many CRBs is still unclear, certainly in comparison to the 'traditional Chlamydiae', i.e. the Chlamydiaceae family. Molecular and sero-epidemiological surveys have detected CRBs in association with respiratory disease in humans (Kahane et al., 1998; Friedman et al., 1999) and livestock (Wheelhouse et al., 2013) and reproductive disease in both humans and animals (Borel et al., 2007; Baud et al., 2011; Barkallah et al., 2014) . Further, murine respiratory disease models have recently been established for Waddlia chondrophila (Pilloux et al., 2016) and Parachlamydia acanthamoebae (Casson et al., 2008) , as has a bovine model of P. acanthamoebae respiratory disease (Lohr et al., 2014 ) and a murine model of W. chondrophila genital infection (Vasilevsky et al., 2015) , confirming Koch's postulates for these causative agents of disease. Questions nevertheless remain about whether these organisms are truly pathogens of their varied host species.
Perhaps the strongest evidence for the pathogenic potential of CRBs lies in organisms from the deepest branches of chlamydial phylogeny, occurring in a wide range of taxonomically and geographically diverse fish hosts and associated with the gill disease, epitheliocystis (Stride et al., 2014) . Originally described in salmonids of the genus Salmo in the Northern hemisphere, the Candidatus family Piscichlamydiaceae (Draghi et al., 2004) signalled a new and deep rooted clade of the phylum Chlamydiae. Description of a closely related Candidatus family, Parilichlamydiaceae in Yellowtail kingfish (Seriola lalandi), followed. Members of this clade have been detected in African (Steigen et al., 2013) , Australian (Stride et al., 2013a,b) , Scandinavian , Mediterranean (Seth-Smith et al., 2016) and Swiss waters (Guevara Soto et al., 2016c) . Additional chlamydial epitheliocystis agents include two members of the family Simkaniaceae (Fehr et al., 2013; Nylund et al., 2015) and the closest marine relative to the Chlamydiaceae, Ca. Clavichlamydia salmonis (Karlsen et al., 2008) , the latter sharing many features common to their closest land-based relatives (Karlsen et al., 2008; Schmidt-Posthaus et al., 2012) . The geographical and host species diversity of the Ca. Parilichlamydiaceae clade is truly impressive and raises considerable interest on the genomic background for this feat.
Despite our increased understanding of these epitheliocystis agents, in no case have Koch's postulates been fulfilled, as all attempts to culture the agent(s) in vitro have proved unsuccessful (Hoffman et al., 1969; Bradley et al., 1988; Chen et al., 2003; Stride et al., 2014; Katharios et al., 2015; Seth-Smith et al., 2016) . Researchers have instead relied on fulfilling Fredericks and Relman's postulates (Fredricks and Relman, 1996) . Given the diversity in the causal agents, it is not surprising that the disease manifestations also vary, ranging from little or no host tissue reaction to a moderate host response and epithelial cell proliferation. The physiological responses are varied and include laboured/rapid respiration, lethargy, flared opercula and weak swimming behaviour, with white to yellow nodules often visible on the gill epithelium. Epitheliocystis is of significant interest and increasing burden in the aquaculture industry, with high mortality rates in some populations and substantial economic losses (Bradley et al., 1988; Draghi et al., 2004; Katharios et al., 2008; Stride et al., 2014) .
Orange-spotted grouper (Epinephelus coioides) and Giant grouper (E. lanceolatus) are emerging tropical aquaculture species, with the value of individual fish ranging up to US$169 per kilo for live Giant grouper (Sadovy and Vincent, 2002) . Unfortunately, grouper are susceptible to a number of infectious diseases of bacterial, viral, and parasitic origins (Nagasawa, 2004; Harikrishnan et al., 2011; Lafferty et al., 2015) . Intensification of farming appears to exacerbate disease risk; high stocking densities in particular are proposed to increase disease susceptibility and mortality due to disease is a major production constraint (Nagasawa, 2004; Nowak and LaPatra, 2006; Harikrishnan et al., 2011) . Epitheliocystis has until now not been reported in any species of Serranidae/Epinephelinae.
We aimed to characterize a putative novel chlamydial epitheliocystis agent detected in Orange-spotted grouper in North Queensland, Australia. Given the as yet uncultivated nature of these pathogens, and with recent advances in culture-independent and metagenomic methods (Seth-Smith et al., 2013; Bachmann et al., 2015; Katharios et al., 2015; Qi et al., 2016; Seth-Smith et al., 2016; Taylor-Brown et al., 2016) , we utilized genomic data to investigate the pathogenic potential of this novel uncultured epitheliocystis agent.
Results and discussion

Detection of epitheliocystis in cultured epinephelus coioides
Three different novel chlamydial species have been described in association with epitheliocystis from farmed Australian fish species. Ca. Parilichlamydia carangidicola was detected in five Yellowtail Kingfish cohorts between 2002 and 2014 (Stride et al., 2013c) in association with differing levels of disease severity and infection rates. Ca. Similichlamydia latridicola was described in wild and farmed Striped trumpeter (Latris lineata) (Stride et al., 2013b) and Ca. Similichlamydia laticola in seven cohorts of Barramundi (Lates calcarifer) (Stride et al., 2013a) . To date, genomics has been carried out on beta-and gammaProteobacterial epitheliocystis agents (Katharios et al., 2015; Qi et al., 2016; Seth-Smith et al., 2016) , but not on chlamydial fish pathogens.
In the current study, an epidemiological survey was carried out over 12 months to assess the disease dynamics throughout ten groups of farmed E. coioides and E. lanceolatus in Queensland, Australia following the observation of putative epitheliocystis in E. coioides upon examination for gill flukes. Table 1 details the cohorts sampled in this study: 53 fish were sampled from 10 cohorts (31 E. coioides and 22 E. lanceolatus) between March 2014 and February 2015. All fish sampled were juveniles except for the broodstock samples from Cairns .
Histopathology showed that disease prevalence in E. coioides increased from initial sampling in March 2014 (Autumn) (83.33%; n 5 6) to October 2014 (Spring) when it peaked at 100% of all gills sampled (n 5 6). Overall, 22 out of 31 E. coioides sampled were found to have epitheliocysts following histopathological examination. Affected fish had an average of up to 2.1 cysts per gill filament from four out of the six cohorts of E. coioides (Table 1) . Interestingly, by February 2015 (Summer), there was no histological evidence of epitheliocystis, although only three fish were sampled at this time point. Some studies of epitheliocystis have suggested that cyclic changes in temperature contribute to disease severity and prevalence, with greater epitheliocystis prevalence observed in warmer months which may more be a reflection of seasonal changes rather than water temperatures per se (Guevara Soto et al., 2016b) . Groupers have been shown to produce innate and adaptive immune activation in response to infection with other intracellular pathogens (Huang et al., 2011; Wei et al., 2012; Lai et al., 2014) . Three E. coioides broodstock (EC-May-14) sampled at a different facility were negative for epitheliocystis, suggesting that the bacterium could be introduced to the ponds or JCU facility via seawater exchange (see methods) or that there is agedependent effect on disease prevalence and severity.
Interestingly, the E. lanceolatus that were sampled from the same ponds showed no clinical or histopathological evidence of epitheliocystis (Table 2) , suggesting either that the agent is species-specific or that E. lanceolatus may be less susceptible to bacterial infection in general than E. coioides. This phenomenon was also observed in a mass mortality event on a Brazilian fish farm, where only the pacus (Piaractus mesopotamicus) in a mixed pond succumbed to epitheliocystis (Szakolczai et al., 1999) . It is also unclear what role, if any, co-infections with other epitheliocystis agents (Schmidt-Posthaus et al., 2012; Guevara Soto et al., 2016a,c; Seth-Smith et al., 2016) or parasites, such as ciliates (Fehr et al., 2013) , amoebae , or gill flukes (this study), may have on the dynamics of chlamydial epitheliocystis infection.
Morphological description of Ca. Similichlamydia epinephelii cysts in E. Coioides Staining of infected gill sections with haemotoxylin and eosin showed round to oblong basophilic inclusions Novel chlamydial epitheliocystis agent in grouper 1901 ranging from 10 lm to 100 lm in diameter ( Fig. 1a and b ). Cysts were spread sporadically throughout the filaments and not confined to a particular location in the lamellae as is often described (Fig. 1b) , with the number of cysts ranging from 0 to 35 per filament in the positive E. coioides cohorts. While most cysts were enclosed in hyaline capsules, some cysts were walled off by eosinophilic capsules (Fig. 2b ), presumably derived from layers of epithelial cells. In several cases, two cysts were observed occupying the same interlamellar space. The cyst morphology observed in E. coioides gills most resemble epitheliocystis seen in two other Australian fish species, Striped trumpeter and Barramundi, caused by Ca. Similichlamydia laticola and Ca. S. latridicola (Lai et al., 2013; Stride et al., 2013a,b) , and epitheliocystis lesions caused by Ca. Similichlamydia sp. in Ballan wrasse from Norway . Host response was variable as shown by the 'walling off' of the cysts and large variation in the hyperplastic response of the epithelium ( Fig. 1a and b ). There was limited evidence of host response such as leucocyte infiltration and epithelial hyperplasia in this population, and lamellar fusion was uncommon.
Identification of the chlamydial agent of epitheliocystis in E. Coioides gill samples by PCR and ISH
To identify the aetiological agent of the epitheliocystis detected in the E. coioides gill samples, Chlamydialesspecific PCR targeting the signature sequence of the 16S rRNA gene was performed on four samples from the ECMay-Jul-14 cohort, which were positive for Chlamydiales DNA. Direct sequencing of one amplicon and subsequent BLAST analysis revealed 95-96% nucleotide identity to uncultured Chlamydiales detected in Wrasse species (Accession numbers KC469567-469570). Screening for other epitheliocystis agents was not performed in this investigation.
Subsequently, sequencing of a 1,400 bp 16S rRNA gene amplicon from two of these PCR positive samples confirmed these Chlamydiae to be a novel species in the Ca. Similichlamydia genus. The sequences obtained from grouper gills are 99.6% identical to each other (i.e. 4 SNPs difference) and share the highest nucleotide identity with Candidatus species in the Ca. Similichlamydia genus; Ca. S. laticola (95.4-96%), Ca. S. latridicola (95.8-96.1%), Ca. S. labri (95.8-95.9%) and other unassigned similichlamydial sequences (95.3-96.2%). The phylogenetic tree clearly demonstrates the close relationship between the sequences obtained from grouper gills and members of the Ca. Parilichlamydiaceae family (Supporting Information Figs S1 and S2).
Following our demonstration of PCR positivity for Chlamydiae, we targeted a pan-Chlamydiales anti-sense probe against the 16S rRNA gene to detect DNA or mRNA associated with the cysts by in situ hybridization. Using this probe, hybridization signals localized to all cysts (Fig. 1d) , Fig. 1 . Epitheliocystis in Orange-spotted grouper (E. coioides) gills stained with hematoxylin and eosin (a, b) and chlamydial localization to cysts shown by in situ hybridization (c, d, e). Basophilic cysts were spread sporadically throughout the gills and were encased in eosinophilic (*) or hyaline () capsules. A probe targeted to the 16S rRNA gene hybridized to cysts in epitheliocystis-positive gills (c, d), while the non-sense probe did not hybridize (black arrowheads) (e). Lighter stained signals most likely indicate cysts that contain fewer bacteria than the darkly stained cysts.
while no hybridization was seen using the non-sense probe (scrambled sequence) on a serial section from the same gill arch (Fig. 1e) . As a positive control, the anti-sense probe was also successfully hybridized to cysts in an archival Yellowtail kingfish epitheliocystis gill section (Stride et al., 2014) under the same conditions (data not shown). Lighter stained signals (Fig. 1d) likely come from cysts that contain fewer bacteria than the darkly stained cysts, possibly reflecting different stages of the cyst development.
Proposal of sp. nov. Ca. Similichlamydia epinephelii Based on the above findings, we propose that the causative agent of epitheliocystis described in the Orangespotted grouper belongs to a novel species in the family Parilichlamydiaceae and hence, assign the name, Candidatus Similichlamydia epinephelii (L. mas. n., Epinepehelus, the genus to which the fish host belongs). The 16S rRNA gene of two samples of Ca. S. epinephelii has been sequenced to date, and the sequences are 99.7% identical to each other, and only 95.4% to 96.1% similar to characterized Ca. Similichlamydia spp (accession numbers KX880946 and KX880947).
The novel bacteria is associated with epitheliocystis disease, evidenced by hybridization of a Chlamydiales 16S rRNA probe (probe sequence: 5 0 DIG-ATGTAYTACTAA CCCTTCCGCCACTA-3 0 DIG) to the cysts in the gill epithelium. Pathogenicity of this species is also evidenced by virulence factors present in the draft genome. The chlamydial inclusions are reminiscent of other species in the Ca. Parilichlamydiaceae family. They appear round to oblong to irregular, with a basophilic, granular appearance under light microscopy. The genome has also been sequenced using metagenomics and the contigs deposited under Bioproject PRJNA343727.
Genomic analysis of Ca. Similichlamydia epinephelii
Virtually no information exists on the biology of CRBs belonging to the family Ca. Parilichlamydiaceae, largely due to the absence of a culture system for members of these distantly related and recently described Chlamydiae.
In an effort to provide the first insight into the biology of Ca. Similichlamydia, as a representative member of the Ca. Parilichlamydiaceae, we performed a metagenomics analysis of a Ca. Simichlamydia epinephelii PCR positive tissue sample from an infected E. coioides described in this study.
5,561,445 paired reads were obtained from a methylated DNA-depleted DNA extract following shotgun sequencing Fig. 2 . Pan-genome analysis. CDSs were compared between the draft genome (68% complete) of Ca. S. epinephelii (outer rings) and other chlamydial genomes (inner shaded rings) (a); shading represents sequence conservation (red, orange, yellow: highly, moderately and somewhat conserved; blue: no homolog). Genes unique to Ca. S. epinephelii are coloured pink. Genomes used for analysis are listed in Supplementary Table 2, in the order of most to least homologs with Ca. S. epinephelii, also corresponding to the order from the outermost to innermost ring. Orthologous groups were compared between Ca. S. epinephelii and representatives of four chlamydial families (b); unique and shared orthogroups are represented in the shaded ovals.
Novel chlamydial epitheliocystis agent in grouper 1903 on an Illumina MiSeq. As no reference genome was available for this putative novel species, reads were trimmed prior to de novo assembly into 78,820 contigs. A series of filtering steps were applied to the assembled contigs (see Experimental procedures and Supplementary methods). 169 contigs harbouring at least one gene with greater sequence identity to chlamydial genes than other bacterial species were retained. This resulted in a partial draft genome of 981,542 nucleotides, estimated to represent approximately 68.2% of the Ca. S. epinephelii genome, demonstrated by the presence of 73 of 107 conserved marker genes (Wu et al., 2014) . However, upon manual examination, we detected an additional 21 genes with partial sequences, bringing the total to 94. Taking these estimates, and based on similar coding density and the assumption that these markers are distributed evenly throughout the genome (Wu et al., 2014) , we predict that the full Ca. S. epinephelii genome would be approximately 1,117,929-1,439,211 bp, and encode 1037-1280 genes (Supporting Information methods). The obvious disadvantage to this homology-based method is that contigs containing only novel proteins would be discarded due to a lack of sequence similarity to previously characterized chlamydial proteins. However, given the complexity of the microbial community in the gill (Supporting Information  Table S1 ), owing to its constant exposure to the aquatic environment, coupled with a similar G 1 C content of the pathogen and host genome (Han and Zhao, 2008) , this method provided the most confidence in eliminating false positive contigs. In the absence of a culture system, it is anticipated that future sequencing efforts for other members of this family will confirm genome completeness and the presence of family-, genus-and species-specific proteins.
The G 1 C content of this partial genome is 39.65% which is comparable to that of the Chlamydiales, and in particular, the CRBs (Horn et al., 2004; Greub et al., 2009; Bertelli et al., 2010; Collingro et al., 2011; Bertelli et al., 2014; Bertelli et al., 2015) . Automated annotation using RAST coupled with manual annotation in Artemis resulted in the prediction of 943 coding sequences (CDSs), 300 of these being hypothetical proteins. These metrics are comparable to the genomes of members of the Chlamydiales, which range from 1.0 to 3.1 Mbp in length, with the number of coding regions being proportional to genome size (Taylor-Brown et al., 2015) . The predicted coding density is 90%, reflecting the compact nature of the genome and indicative of their obligate intracellular lifestyle. The genome statistics mentioned above are summarized in Table 3 .
Comparison of coding regions revealed that Ca. S. epinephelii shares most homologs (n 5 395) with Protochlamydia sp. C2 (Fig. 2a) , but a comparable number are shared with other members of the Parachlamydiaceae.
A smaller subset of homologs are shared with the Chlamydiaceae (n 5 331-350). One notable set of genes shared with the latter include the presence of hallmark regulatory genes of the chlamydial developmental cycle such as the early upstream open reading frame (euo). While we were unable to characterize the developmental cycle of this novel pathogen using microscopic methods, this suggests that this pathogen may share similar developmental stages to species in the Chlamydiaceae and other chlamydial families.
312 orthologous groups were found to be common among Ca. Parilichlamydiaceae, Simkaniaceae, Chlamydiaceae, Parachlamydiaceae and Waddliaceae (Fig. 2b) by cluster analysis. This is a much smaller number than reported in previous pan-genome studies (Collingro et al., 2011; Gupta et al., 2015; Pillonel et al., 2015) , but reflects the evolutionary distance between this species and other members of the phylum. Given the draft nature of the Ca. S. epinephelii genome, it is likely that this gene set is an underestimate and could be considered the preliminary 'draft core genome' of the Chlamydiales. Among these are genes involved in DNA replication and repair, transcription and translation, general secretion pathway proteins and some transporter proteins (Supporting Information Table  S2 ). Conversely, 239 proteins are unique to Ca. S. epinephelii when compared with these groups (Supporting Information Table S3 ). This mostly comprises hypothetical proteins and is again comparably smaller than the number of unique genes encoded by other CRBs, yet higher than the Chlamydiaceae, and suggests that we have not yet captured the true level of uniqueness of this distant clade.
Updated phylogenomics of Ca. S. Epinephelii within the order chlamydiales
We employed sixty-four single copy orthologs conserved among the Planctomycetes/Verrucomicrobia/Chlamydiales superphylum to reconstruct the phylogeny of the order Chlamydiales (Supporting Information Table S4 ). Phylogeny obtained on the basis of the concatenated amino acid sequences confirmed Ca. S epinephelii to be the most distantly related species to chlamydial species whose genomes are available (Fig. 3) . The concatenated amino acid tree topology is analogous to the 16S rRNA gene phylogeny (Supporting Information Fig. S2 ) and is congruent with genome-wide trees depicted in recent pan-Chlamydiales genome studies (Collingro et al., 2011; Psomopoulos et al., 2012; Gupta et al., 2015; Pillonel et al., 2015) with the addition of this newly described taxon. Further, the phylogenetic placement based on genomic information supports a third clade with the Chlamydiales, as proposed by Gupta et al. (Gupta et al., 2015) . Additional genomic resources for the Ca. Parilichlamydiaceae will further clarify the phylogenetic placement of this clade.
The genome of Ca. S. Epinephelii provides evidence for the ancient acquisition of a chlamydial type III secretion system (T3SS)
A key chlamydial virulence mechanism employed by Chlamydiae is the Type III secretion system, T3SS, an ancient, highly conserved piece of molecular machinery that facilitates the translocation of effectors into the eukaryotic host cell through a needle-like 'injectisome' to mediate bacterial survival and replication (Hueck, 1998; Horn et al., 2004; Coburn et al., 2007; Peters et al., 2007) . T3SS components can be divided into 'apparatus' proteins that account for the structure of the transmembrane needle-like system, and 'effector' proteins that are secreted into the host cytosol to mediate cell adhesion, entry, and invasion. Distinct clusters of T3SS proteins have been described, (Hueck, 1998; Read et al., 2000; Hefty and Stephens, 2007; Peters et al., 2007; Betts-Hampikian and Fields, 2010 ) which appear to be highly conserved throughout the Chlamydiae.
The draft genome assembly of Ca. S. epinephelii reveals that most of the structural/apparatus components of the T3SS are intact. Furthermore, we observed the previously described conservation of the T3SS gene arrangement, as 3 of the 4 clusters were successfully assembled. These regions are syntenic with other chlamydial species analysed in this study ( Fig. 4; ). Amino acid sequence identity for these proteins ranged from 26.2 to 69.5% between Ca. S. epinephelii and the CRBs, as Fig. 3 . Phylogenetic tree constructed from concatenated amino acid sequences corresponding to sixty-four single copy orthologs in all publicly available chlamydial genomes/assemblies. Akkermansia mucinophila was included as an outgroup species (Verrucomicrobia group). Tree constructed using FastTree based on an amino acid sequence alignment by MAFFT. Branch support values are shown.
could be expected for conserved proteins that are thought to be essential for the intracellular lifestyle of the Chlamydiae. This is comparable to the sequence conservation observed between other families, eg. Parachlamydiaceae and Criblamydiaceae share 61.8% amino acid identity for SctV. SctU and SctV (cluster 1) and SctR and SctS (cluster 2) appear to be the most highly conserved across the Chlamydiales. Cluster 4 could not be identified; it may be split over several contigs.
Homologs of some T3SS chaperones appear to be present, namely sycE (GCCT14_06130, 06150, 04180), sctG (GCCT14_04160), and sctO (GCCT14_04080). The heat shock protein family chaperones are also conserved in Ca. S. epinephelii, including two genomic copies each of groES and groEL (hsp60 family), and one copy of dnaK (hsp70 family), which share between 32.9 and 49.0% amino acid identity with other chlamydial species. Additionally, general secretion pathway proteins were identified in the genome, which could contribute to the stability, interaction and transport of secreted proteins.
While the structural and regulatory components of the T3SS are well conserved throughout the Chlamydiae, effectors are not, probably representing a major difference in host cell modulation mechanisms once host cell entry has taken place. We predicted 123 putative T3SS effectors (Jehl et al., 2011) , 65 of which were hypothetical proteins. These numbers are comparable to other pathogenic Chlamydiae (Supporting Information Table S5 ). This suggests that Ca. S. epinephelii may possess several novel speciesspecific proteins which are potentially secreted into the host cell (Small et al., 2004) .
Genomic evidence of the pathogenic potential of Ca. S. Epinephelii
In order to further establish the pathogenic potential of Ca. S. epinephelii, we conducted a genomic survey for a range of known chlamydial virulence factors.
Members of the Chlamydiales are known to encode a range of proteases that are employed to cleave host proteins during attachment and invasion of the host cell. One such protease is the chlamydial protease-like activity factor (CPAF), which is capable of degrading a range of host cell proteins involved in cytoskeleton stability and antigen presentation, for example, major histocompatibility complex (Zhong et al., 2001; Chen et al., 2010) . A homolog of CPAF was identified (GCCT14_00610) that possesses an S41 peptidase domain and was most similar to that of E. laussanensis (21.9% amino acid identity). CPAF requires the sec-dependent pathway for secretion and cleavage (Chen et al., 2010) , and parts of this translocase complex including chaperones were identified in the Ca. S. epinephelii assembly (GCCT14_00180, 05190, 02900, 07980, 01650, 06730, 0001, 8720), suggesting CPAF could indeed be secreted by Ca. S. epinephelii. A putative homolog of tail-specific protease (tsp) (GCCT14_08300), which is implicated in blocking host transcriptional control and cytokine production (Lad et al., 2007) is also present in the genome, containing the characteristic PDZ domain. The presence of these proteases and some of their chaperone provides evidence of mechanisms by which Ca. S. epinephelii may modulate the host cell and evade the fish host immune response upon infection.
Three copies of hemolysin (GCCT14_01140, 01150 and 08420), a secreted protein that lyses red blood cells, were annotated automatically in the Ca. S. epinephelii genome. Based on the protein domains identified (DUF21), these genes may actually encode for transporters involved in sodium and/or magnesium uptake. In fact, one of the hemolysins (GCCT14_08420) lies downstream of a magnesium and cobalt efflux protein. Related to hemolysin, Ca. S. epinephelii encodes a RTX (repeats in toxin) homolog (GCCT14_01940), containing the glycine-rich COG2931 domain. Although this cytolytic toxin family is described throughout Gram-negative bacteria (Coote, 1992) , the copy in Ca. S. epinephelii exhibits less than 10% amino acid identity to the rtxA gene in Ca. Protochlamydia amoebophila UWE25. The high level of sequence divergence may hint at the advantage conferred by high levels of genetic variation. While this protein was predicted to be secreted, it is unclear whether it is functional, given that (a) RTX toxins require post-translational modification to become active and (b) no other genes within the operon (rtxCBD) were identified (Lally et al., 1999) .
Predicting novel pathogenic proteins in the genome of
Ca. S. Epinephelii
In order to assess the novel aspects of the pathogenic processes utilized by Ca. S. epinephelii, we predicted putative novel pathogenic proteins based on similarity to known virulence factors.
278 proteins were determined 'pathogenic' using the MP3 hybrid model (Gupta et al., 2014) , while 235 proteins were considered 'virulent' by VirulentPred (Garg and Gupta, 2008) , making up around 30% of the coding regions. This is comparable to other emerging CRB pathogens, as well as representatives of the Chlamydiaceae (Supporting Information Table S5 ). 214 proteins were predicted to have roles in virulence by both programs, 139 of which are hypothetical proteins. This analysis indicates that Ca. S. epinephelii may harbour several novel pathogenesis mechanisms.
Further, a number of these predicted pathogenic proteins are co-located within what could either be virulence operons, or pathogenicity islands (PAIs). Several hallmarks of PAIs such as the presence of previously-described pathogenic proteins, high numbers of hypothetical proteins, deviation from the chromosomal G 1 C content and flanking tRNAs were observed on some of these regions (Che et al., 2014) . In two cases, genes for competence, recombination and DNA repair are present up or downstream of the putative pathogenic proteins. 
Conclusion
This study provides (i) the first description of epitheliocystis in species of Serranidae, (ii) the description of a novel Ca. Similichlamydia sp. and (iii) the first genomic insight into a member of the Ca. Parilichlamydiaceae.
The results demonstrate that, despite the fact that Koch's postulates remain unproven, the molecular genomic data presents strong evidence that Ca. S. epinephelii is indeed the causative agent of epitheliocystis in Orangespotted grouper. The presence of several known pathogenic and virulence proteins such as CPAF and putative cytolytic toxins suggests that Ca. S. epinephelii dedicates a large portion of its genome to pathogenic mechanisms, much of which remains undiscovered. The conservation of the T3SS provides further support for pathogenic potential of this novel organism as well as evidence for its ancient acquisition.
These findings also suggest that future comparative genomic investigations will be of benefit in the contexts of other members of the Chamydiales as well as other epitheliocystis agents. Importantly, in lieu of using culture methods to understand the biology and pathogenicity of distantly related Chlamydiae, genomic methods directly applied to animal samples can be used to gain insight into the pathogenicity of this and other related species.
Experimental procedures
Ethics statement
The animal ethics application to collect gill samples from farmed Orange-spotted grouper and Giant grouper was reviewed and approved by the James Cook University Animal Ethics Committee (document approval number A2056). Samples were collected from two commercial aquaculture farms (Pejo enterprises and FinFish enterprises) under the Australian Code for the Care and Use of Animals for Scientific Purposes (Australian Research Council) and the Animal Care and Protection Act (Queensland Department of Agriculture and Fisheries).
Sample collection
Initial discovery of putative epitheliocystis in Epinephelus coioides came from individuals that were sourced from an open pond aquaculture farm near Innisfail, ) and held in a closed recirculating aquarium system at James Cook University (JCU) in Cairns (33-35 psu) for experimental gill fluke infection trials between May and July 2014. The open pond aquaculture farm is adjacent to a saline creek, with which it has regular water exchange. The closed system at JCU has 10% weekly water exchanges with seawater. None of the water used for exchange is treated. Microscopic examination of gills from this cohort revealed the presence of epitheliocystis-like nodules, which were subsequently preserved in neutral buffered formalin for histological and DNA sequencing analyses. This prompted further investigation of previously preserved gill material from past experiments and prospective sampling of both E. coioides and E. lanceolatus, within the aquaria facility on the JCU campus and on the farm between March 2014 and February 2015. Details of the cohorts sampled are outlined in Table 2 .
DNA extraction
Gill clippings were placed in DNA grade ethanol upon collection and stored at room temperature. Prior to DNA extraction, tissues were removed from ethanol, and incubated with proteinase K and ATL buffer (Qiagen) at 568C overnight until lysed, with intermittent vortexing. RNA was depleted by digestion with RNase A (Life Technologies) for 10 min at 378C. DNA was purified by column purification with the DNeasy Blood & Tissue DNA extraction kit (Qiagen), according to manufacturer's instructions, with a final elution volume of 50lL.
PCR, sequencing and phylogenetic analysis
An initial screen for Chlamydiales was conducted on DNA from one E. coioides sample with putative epitheliocystis. The PCR was targeted to the Chlamydiales signature sequence of the 16S rRNA gene, using the primers described in (Everett et al., 1999) (Supplementary methods). PCR was conducted on 5 lL of extracted DNA, with final concentrations of 1X reaction buffer (Roche), 4.5uM MgCl 2 , 0.1 uM each dNTP (Thermoscientific), 0.3 uM each primer (Sigma) and 1 unit of Taq. Taq polymerase was activated at 958C for 10 min, then 35 cycles of 958C for 30 s, 568C for 30 s and 728C for 1 min 30 s were carried out prior to final extension at 728C for 7 min. For positive samples, amplification of the near full-length 16S rRNA gene was conducted using the primers 16SIGF and 16SB1 (Supplementary methods). Reaction mix was as per the above reaction, but with final concentration of 2.5 lM MgCl 2 . Cycling conditions were as above, but with 1 min denaturation and annealing at 558C.
Purified amplicons were prepared using the Big Dye Terminator cycle sequencing kit (Applied Biosystems), followed by EDTA purification and sequenced at the Molecular Genetics Research Facility at Queensland University of Technology. Sequences were deposited in Genbank under accession numbers KX880946-KX880947.
Histology and in situ hybridization
Gills that were not placed in ethanol were fixed in formalin for downstream processing. Samples were dehydrated through six ethanol washes (70% to 100%) for 8 h, two xylene washes for 2 h and embedded in paraffin for 2 h. Six micrometre sections were then fixed to polylysine coated slides at 378C prior to haematoxylin and eosin staining or in situ hybridization (ISH).
Slides were stained for routine histology. Briefly, sections were de-paraffinised through two xylene washes followed by rehydration through decremental ethanol washes. Slides were stained in Harris haemotoxylin for 5-8 min, rinsed, and counter-stained in eosin for 30 s. Sections were dehydrated through incremental ethanol washes, then twice in xylene, and dried prior to addition of the coverslip which was mounted using DPX.
A detailed description of the in situ hybridization conditions can be found in Supplementary methods. Briefly, unstained slides were de-paraffinised and de-hydrated through three graded washes each of xylene and ethanol. Proteins were degraded by Proteinase K, then incubated in glycine followed by PBS. Denaturation was performed for 1 h at 908C, followed by hybridization of the probes targeted to the Chlamydiales 16S rRNA gene overnight at 558C at a final concentration of 500 ng/ml in hybridization buffer. The slides were then washed through a series of stringency washes prior to addition of blocking buffer. The slides were incubated with alkaline phosphatase-conjugated anti-DIG antibody for 2 h at room temperature, then incubated with NBT-Bcip in a dark box overnight to develop. Slides were counter-stained and de-hydrated through ethanol washes prior to coverslip mounting and visualization by light microscopy.
Genome sequencing and assembly
Extracted DNA from a selected positive sample was subject to microbial DNA enrichment by depletion of methylated DNA using the NEBNext Microbiome Enrich Kit (New England Biolabs, Massachusetts, United States of America), according to manufacturer's instructions. The resulting DNA was precipitated with ethanol and resuspended in 50 lLTE buffer prior to 5 lL undergoing multiple displacement amplification using the Repli-G kit (Qiagen, Germany). Two microgram of enriched DNA was sent to the Australian Genome Research Facility (AGRF, University of Queensland) for shotgun sequencing on an Illumina MiSeq, with 150 bp paired end reads.
Resulting reads were subject to quality assessment using FastQC prior to quality and adaptor trimming using Trimmomatic v0.33 (Bolger et al., 2014) with phred 33 quality cutoff then de novo assembly using SPAdes v3.1.1 (Bankevich et al., 2012) in single-cell mode using default k-mer values. Chlamydial contigs were differentiated from host and other bacterial contigs on the basis of translated nucleotide similarity by running BLASTx analysis against an in-house chlamydial protein database. Contigs longer than 1,000 bp with hits with e-values 0.005 and identity values 20% were subsequently also manually compared with the NCBI database (Supplementary methods). Metagenomics binning was also conducted on the final contig set to assess the completeness of the genome (Wu et al., 2014) . The resulting genomic contigs were annotated using RAST (Aziz et al., 2008) and PFAM (Finn et al., 2014) with additional manual annotation in Artemis (Rutherford et al., 2000) .
Contigs corresponding to the Ca. Similichlamydia epinephelii assembly were submitted to Genbank under Bioproject PRJNA343727.
Genome analysis
The genomic data for Ca. Similichlamydia epinephelii was compared with publicly available chlamydial genomes (Supporting Information Table S6 ). Proteins were clustered into orthologous groups using OrthoFinder with default parameters (Emms and Kelly, 2015) . Additional annotations were curated using Prokka (Seemann, 2014) .
Sixty-four single copy orthologs shared among all chlamydial genomes were identified. Amino acid sequences were aligned using MAFFT (Katoh et al., 2002) and the alignments were concatenated prior to phylogenetic tree construction using FastTree (Price et al., 2009 ) with default parameters with an Akkermansia mucinophila (Verrucomicrobia) outgroup.
Amino acids of the all CDSs were submitted to EffectiveDB (Jehl et al., 2011) for prediction of secreted proteins and proteins with eukaryotic-like domains, and to MP3 (Gupta et al., 2014) and VirulentPred (Garg and Gupta, 2008) to predict pathogenic proteins.
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's website: Fig. S1 . Phylogenetic relationships between Ca. Similichlamydia epinephelii samples sequenced in this study and members of the Ca. Parilichlamydiaceae. Tree constructed in Geneious with the FastTree algorithm, based on 1,013 to 1,517 bp of the 16S rRNA gene. Branch support values are presented. Ca. Piscichlamydia salmonis was included as an outgroup species. Fig. S2 . Phylogenetic relationships between Ca. Similichlamydia epinephelii samples sequenced in this study and members of the Chlamydiales. Tree constructed in Geneious with the FastTree algorithm, based on 1,013 to 1,603 bp of the 16S rRNA gene. Branch support values are shown. Table S1 . Non-chlamydial rRNA sequences detected in the Ca. S. epinephelii metagenome Table S2 . Orthologous groups shared between Chlamydiaceae, Waddliaceae, Simkaniaceae, Parachlamydiaceae and Ca. Parilichlamydiaceae. Table S3 . List of predicted encoded proteins unique to Ca. S. epinephelii Table S4 . List of orthologs used for phylogenetic tree construction. Table S5 . Prediction of pathogenic CDSs among the Chlamydiales. Table S6 . List of chlamydial genomes used for comparative analysis.
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